Unilateral, transtibial amputees exhibit walking asymmetries and higher metabolic costs of walking than nonamputees walking at similar speeds. Using lightweight prostheses has previously been suggested as a contributing factor to walking asymmetries. The purpose was to investigate the effects of prosthesis mass and mass distribution on metabolic costs and walking asymmetries among six unilateral, transtibial amputees. Kinematic and temporal symmetry did not improve when mass was added at different locations on the limb. Stance and swing time asymmetries increased by 3.4% and 7.2%, respectively, with loads positioned distally on the limb. Maximum knee angular velocity asymmetries increased by 6% with mass added to the thigh, whereas maximum thigh angular velocity asymmetries increased by approximately 10% with mass positioned near the prosthetic ankle. Adding 100% of the estimated mass difference between intact and prosthetic legs to the ankle of the prosthesis increased energy costs of walking by 12%; adding the same mass to the prosthesis center of mass or thigh center of mass increased metabolic cost by approximately 7% and 5%, respectively. Unless other benefits are gained by increasing prosthesis mass, this should not be considered as a possible alternative to current lightweight prosthesis designs currently being prescribed to unilateral amputees.
Mass of a below-knee prosthesis and residual limb is approximately 35% less and has a center of mass (CM) approximately 35% closer to the knee joint when compared with an intact shank and foot. 1, 2 Lower masses and more proximal mass distributions produce lower (∼60%) moments of inertia relative to the knee compared with the intact shank and foot. Investigators [3] [4] [5] have concluded from computer simulations of walking that increasing the mass of the prosthesis would improve walking symmetry in unilateral amputees. Asymmetrical walking patterns draw unwanted attention to the amputee's disability. From a clinical perspective, asymmetrical walking patterns have been thought to contribute to early degenerative joint disease of the intact leg by increasing joint loading of the intact leg. 6, 7 Investigating different prosthesis load configuration influences on walking symmetry parameters, such as stance and swing times, would provide further understanding of the effects of prosthesis inertia on walking asymmetries.
Unilateral amputees expend 20-30% more metabolic energy than nonamputees walking at the same speed. [8] [9] [10] [11] Several investigators demonstrated that increasing prosthesis mass has little effect on walking metabolic costs 2, 10, 12, 13 and some suggested that increasing prosthesis mass may decrease metabolic costs. 14, 15 A systematic approach to varying mass and mass distribution of prostheses is needed to better understand influences of prosthesis inertia on metabolic costs of walking. Selles and colleagues (2004) simulated the effects of changing prosthetic limb inertia by adding or removing up to 2.5 kg of mass at different locations on muscular costs of swinging the residual leg, which they defined as the sum of the absolute angular impulses at the hip and knee. Loads positioned near the knee minimally affected muscular costs, but loads positioned distally increased muscular costs of swing by as much as 25%. There is a need to extend Selles and colleagues research to include experimental assessments of stance, intact leg mechanics and metabolic costs of walking to gain further insight into overall effects of multiple load configurations on amputee locomotion. As Selles and colleagues noted, their muscular cost assessment was not a global measure of metabolic cost during walking because it was limited to swing and did not account for compensations made by muscles other than ones responsible for producing sagittal plane motions of the residual leg.
Our purpose was to investigate how inertial properties of the residual leg influence metabolic cost, joint kinematics and temporal characteristics of walking. Load configurations used in this study were similar to those employed by (ie, 1.0 and 2.0 kg added near the ankle, prosthesis CM, or just distal to the knee), with two exceptions. First, the added mass we used was determined individually for subjects and was equal to the estimated mass difference between intact and prosthetic legs. Second, we included a proximal load location on the thigh. Our load configurations were chosen based on their predicted effect on the period of oscillation of a simple pendulum. Specifically, we included conditions in which the period of oscillation was predicted to increase (mass added near prosthetic ankle) and others in which the period of oscillation was predicted to decrease (mass added to the thigh) relative to an unloaded condition. Although adding mass to the thigh may not be a practical clinical manipulation, it was included to provide a more thorough assessment of inertial manipulations and their predicted effects on swing phase mechanics using a passive pendulum model. We hypothesized that distal load configurations would exacerbate walking asymmetries, whereas proximal loading would reduce asymmetries. Stance and swing time symmetries were considered primary measures of walking symmetry, whereas joint and segment kinematics were viewed as secondary measures of symmetry. We further hypothesized that the most asymmetrical walking patterns would demand the highest metabolic costs.
Methods

Participants
Participants were six unilateral, transtibial amputees (Table 1) . Recruitment focused on fully ambulatory amputees, who had used a prosthesis for at least one year, and maintained some degree of physical activity either in their vocational or daily activities. Participants had no further underlying neurological or musculoskeletal injuries beyond their amputation. Participation was limited to amputees who could walk continuously for at least 30 minutes without assistance. These requirements helped ensure participants were able to perform both overground and treadmill walking for prolonged periods without substantial fatigue. Informed written consent was obtained from each participant before participation. The University's Institutional Review Board approved the protocol.
Segment Inertial Properties
Body mass, body height, and lower extremity segment lengths were measured before exercise in the first experimental session. Since prosthesis mass was less than the mass of the limb it replaced, body mass was adjusted to account for the lost mass before estimating segment inertial properties using the following equation:
where ABM is the adjusted body mass, MBM is the measured body mass while wearing the prosthesis, M pros is the mass of the prosthesis, M residual is the mass of the residual limb (anatomical structures below the knee that remain after amputation), and c (0.057 for males; 0.061 for females) is percent of ABM accounted for by the intact shank and foot. 16 Inertial properties of the thigh, shank and foot of the intact leg and thigh of the prosthetic leg were estimated based on ABM and their respective segment lengths. 16 Inertial properties of the residual limb were estimated by modeling the residual limb as the frustum of a right circular cone 1, 17 and assuming a uniform tissue density of 1.1g•cm -3 . 18 Residual limb length and two circumferences-one just distal to the knee joint and the other near the distal aspect of the residual limb-were used as inputs into the model. Inertial properties of the prosthesis were measured experimentally. Mass of the prosthesis was measured using a standard laboratory scale with a capacity of 10 kg and sensitivity to the nearest gram. A reaction board technique [19] [20] [21] [22] was used to measure the prosthesis center of mass, and an oscillation technique [23] [24] [25] was used to estimate prosthesis moment of inertia about a series of transverse axes. The prosthesis was secured inside an adjustable aluminum frame (mass = 1.85 kg) with the sagittal plane of the prosthesis oriented perpendicular to the oscillation axis of the frame (see Figure 1 ). The center of mass of the entire system (prosthesis + frame) was subsequently estimated (Figure 2 ). The prosthesis was later removed from the frame so the frame's center of mass location could be estimated and used to predict the center of mass location of the prosthesis. Before measuring the frame alone, the adjustable elements of the frame were repositioned to the configuration used while the prosthesis was secured in the frame. Thus, the effects of the frame alone could be subtracted from the prosthesis plus frame measurements to estimate the center of mass location for the prosthesis. The center of mass location of the prosthesis was first expressed relative to the reference axis ( Figure 2 ): (2) where Lrxn represents the distance between points of support, R pros+frame represents the scale reading for the prosthesis and aluminum frame together, R frame represents the scale reading for the frame only, and m pros represents the mass of the prosthesis. Based on the distance between oscillation and reference axes (L_osc_ref), the center of mass location of the prosthesis was expressed relative to the oscillation axis:
This was needed in subsequent computations of the moment of inertia of the prosthesis relative to this oscillation axis. Finally, the center of mass location was expressed relative to the proximal end of the prosthetic socket based on the distance between the oscillation axis and the top adjustable end plate (d_plate):
The aluminum frame and prosthesis were subsequently suspended from a low-friction bearing-mounted oscillation axis and oscillated to determine the period of oscillation of the system. 26 Angular deviations of the frame were limited to less than 5 degrees from the neutral position. The period of oscillation of the system was determined as the mean of 30 oscillations (the first 10 oscillations for a series of three consecutive trials). The choice to use 10 oscillations from three trials was based on a sensitivity analysis designed to assess the stability of the oscillation period over many sequential oscillations for known geometric objects. After removing the prosthesis and reestablishing the configuration of the frame, the center of mass location of the frame alone was determined using the reaction board technique described previously. Average period of oscillation of the aluminum frame alone was also determined, but was computed as the mean of only 10 oscillations (the first oscillation of 10 separate trials). Results of the sensitivity analysis for the frame alone trials demonstrated that without the extra inertia of a limb the oscillation period of the frame alone decayed systematically over the first 10 oscillations within a trial and suggested the first oscillation was the best representation of oscillation period. We then computed the moment of inertia for each condition (frame alone and frame + prosthesis):
where I axis is the moment of inertia relative to the oscillation axis, τ is the average period of one oscillation, m is the mass of the system, g is the acceleration due to gravity, and d is the distance between the oscillation axis and the center of mass of the system. The moment of inertia of the prosthesis relative to the oscillation axis was computed as the difference between I axis for the cage alone and I axis for the cage plus prosthesis. The parallel axis theorem was then used to express the moment of inertia of the prosthesis about its center of mass and about the knee joint. Load locations used in this study were based on predictions of a simple pendulum model of the leg: 1
Modeling the residual leg as a simple pendulum, the moment of inertia (I hip ) of the entire leg about a transverse axis through the hip is directly proportional to the period of oscillation (τ), whereas the product of the leg weight and the distance to the center of mass of the leg relative to the hip (mgd) is inversely related to τ. If I hip increases to a greater extent than mgd following an inertial perturbation, then τ increases (suggesting increased swing time); however, if mgd increases to a greater extent than I hip , then τ decreases (ie, decreased swing time). Based on model predictions, we expected residual leg swing time would increase with mass added near the ankle, remain unchanged with loading near the prosthesis CM, and decrease with mass added to the thigh (Table 2) .
Data Acquisition
Participants completed two experimental sessions. In session one, inertial properties of the participant's prosthesis were measured as described above (Table 3) . Participants then completed five overground walking trials to determine preferred walking velocity. Using a photocell-based timing system, the time to traverse a 3 m distance was measured for each trial. The mean velocity for five trials defined preferred velocity (Table 1) .
Participants then completed a series of 10 min treadmill walking bouts under seven randomly ordered load conditions. The first load condition was an unloaded baseline condition. Three load conditions included 50% of the estimated mass difference between legs added at (1) the residual leg's thigh CM, (2) the prosthesis CM, and (3) near the prosthetic ankle. The final three load conditions included 100% of the estimated mass difference between legs added at (1) the residual leg's thigh CM, (2) the prosthesis CM, and (3) near the prosthetic ankle. The thigh CM position was chosen as a theoretical load location that had the potential to reduce swing time of the residual leg. Additional mass was equally distributed between two concentrated packets of lead shot and affixed to anterior and posterior aspects of the limb so as to not interfere with leg swing.
Before exercise, resting metabolic rates were determined while participants stood stationary on the treadmill using a TrueOne 2400 Metabolic Measurement System. Metabolic rates were also measured during each 10 min treadmill walking bout. During treadmill walking vertical forces (n = 2) from an instrumented treadmill or signals from four insole foot switches (one foot switch positioned under each heel and forefoot) (n = 4) were sampled at 250 Hz for 30 s during the last 2 min of the 10 min treadmill bout. Foot switch or vertical ground reaction force data were used to determine individual stance and swing times for each leg and load condition. Data for this project were collected at two different laboratories, where one laboratory had a force measuring treadmill and the other did not. At the laboratory that did not have a force measuring treadmill, force sensing resistors were used as foot switches to aid with identification of foot contact events. In session two, participants completed five overground walking trials for each randomly ordered load condition. Based on previous results, 27, 28 participants walked under each load condition for at least five minutes before data collection to accommodate to the altered inertia. Retro-reflective markers were attached bilaterally to various anatomical landmarks: greater trochanters, lateral femoral condyles, lateral malleoli, lateral aspect of the heels, and heads of the fifth metatarsals. Markers were placed on the residual leg by mirroring marker placement of the intact leg. Lower extremity motion was captured at 60 Hz with a six camera motion analysis system. Walking velocity was monitored using a photocell-based timing system. Acceptable trials were those within ±3% of the participant's preferred walking velocity measured in the first test session.
Data Analysis
Mean rates of oxygen consumption (  VO 2 ) and carbon dioxide production (  VCO 2 ) over the last 2 min of each 10 min trial were used to estimate average rate of energy consumption: 29
where  E is energy cost in kcal/min, and  VO 2 and  VCO 2 in L/min.  E was converted to units of J/s. Net metabolic cost in J/s was then determined by subtracting the resting energy cost from the walking energy cost in each condition. Metabolic cost was not normalized to body mass, either unloaded or loaded. We felt a nonnormalized expression of cost reflected best the real world metabolic consequences of altering the inertia of the prosthetic leg.
For overground walking trials, motion data for one complete stride cycle of each leg were analyzed. Marker coordinate data were filtered using a fourth-order, zerolag, recursive Butterworth digital filter. Cut-off frequencies (4 Hz for hip, 5 Hz for knee, 6 Hz for ankle, 7 Hz for foot markers) were based on a residual analysis. 30 Discreet sagittal plane kinematic variables were identified for each trial and averaged across five trials for use in statistical analyses. Joint kinematics were computed by projecting each segment onto the sagittal plane and determining the included angle between segments. Based on previous research 31 these included (a) knee angle at toe-off, (b) knee and thigh angles at foot contact, (c) maximum knee and thigh angles during swing, (d) maximum knee and thigh angular velocities during swing, and (e) amount of knee flexion following heel contact in response to limb loading.
Symmetry indices (SI) were computed for mean stance and swing times and joint kinematic variables. SI was defined as
where R and I refer to data for residual and intact legs and a symmetry index of zero represents perfect symmetry.
Statistical Analysis
Using a single-factor MANOVA (SAS Institute Inc., Cary, NC) with repeated measures, nine planned contrasts were used to identify significant effects due to load configuration on energy cost and walking symmetry. Although our primary measures of walking symmetry were stance and swing time SI, kinematic measures were also included to provide a more complete assessment of changes in walking symmetry due to different load configurations. For each dependent variable, three contrasts compared unloaded baseline values to each of the 100% mass conditions, three contrasts compared the 50% mass condition to the 100% mass condition at each of the load positions, and three contrasts compared the 100% mass condition across the three load positions. An alpha level of 0.05 was used to determine significant effects of the load manipulations. In addition, effect sizes were computed based on Cohen's d 32 to provide further interpretations for our results. Effect sizes near 0.2, 0.5, and 0.8 or above were considered to be small, moderate, and large, respectively.
Results
Existing stance and swing time asymmetries were exacerbated when loads were positioned distally on the residual leg ( Figure 3 ; Table 4 ). Asymmetry increased modestly when load was added near the prosthesis CM, but these changes were not statistically significant. Temporal asymmetries did not change when load was positioned near the thigh CM. Higher swing time asymmetries when loads were positioned near the prosthetic ankle were due to a combination of increased swing time of the residual leg and decreased swing time of the intact leg; whereas higher stance asymmetries were due primarily to increased stance time of the intact leg ( Figure 4) . Kinematics of the leg exhibited minimal qualitative differences due to loading (Figures 5 and 6 ). In addition to the relatively limited qualitative differences, only maximum knee angular velocity and maximum thigh angular velocity during swing were perturbed by the different load configurations (Figure 7 ; Table 4 ). No load configuration significantly reduced kinematic asymmetries compared with the unloaded baseline condition.
Net metabolic cost was highest for conditions that produced the greatest temporal asymmetries (Figure 8 ; Table  4 ). Compared with an unloaded baseline condition, adding 100% of the mass to the ankle of the prosthesis increased the net metabolic cost of walking by 12%, whereas adding the same mass to the prosthesis CM or thigh CM increased metabolic cost by 7% and 5%, respectively.
Discussion
Our results are inconsistent with suggestions from earlier modeling studies [3] [4] [5] that matching prosthesis inertial properties to those of the intact leg improves walking symmetry. None of our added mass conditions reduced asymmetries. Stance and swing time asymmetries and Gray shaded cells are used to highlight significant contrasts of P < .05. As load was positioned more distally, temporal asymmetries were exacerbated. Loads positioned proximally (eg, at the thigh CM) had little effect on temporal symmetry. For stance, increased asymmetries were due primarily to higher absolute stance times of the intact leg, whereas increased asymmetries during swing were due primarily to increases in absolute swing times of the residual leg ( Figure 2) . a, b, and c indicate significance at P < .05. a-NL vs 100% mass for individual load position. b-100% ankle vs 100% pros. c-100% thigh vs 100% ankle. thigh angular velocity asymmetries were greatest when inertial symmetry between legs was achieved (ie, 100% mass added near prosthetic ankle). Maximum knee angular velocity during swing was most symmetric during the unloaded condition, and only the 100% mass positioned at the thigh CM differed significantly from the unloaded baseline condition. Maximum thigh angular velocity asymmetry, however, increased systematically as the 100% mass was positioned more distally on the limb. reported no change in residual knee angular velocity during swing when similar mass manipulations of the prosthesis were studied. However, these same investigators reported significant differences in residual leg thigh kinematics as prosthesis inertia was altered, particularly for conditions where masses were positioned distally on the prosthesis. Our load configurations were based on a passive pendulum model of the leg. Specifically, we attempted to study load manipulations that we predicted would increase (mass positioned near the ankle), have no effect on (mass positioned near the prosthesis CM), and decrease (mass positioned near thigh CM) the period of oscillation of the simple pendulum model. The model predicted the largest decreases in swing time of the residual leg would be achieved by positioning the 100% mass condition at the center of mass of the thigh, but our empirical results illustrate swing time of the residual limb was nearly identical to the unloaded condition with the 100% mass added near the thigh CM. Empirically, the largest decreases in swing time occur with the 50% mass condition positioned either at the prosthesis center of mass (∼11 ms) or thigh center of mass (∼13 ms) ( Figure  4 ). These decreases were not significant compared with the unloaded baseline condition and were of similar magnitude to the decreases in swing time observed for the intact leg under the six load conditions in which mass was added to the prosthetic side. Whether an actual decrease in swing time occurred in either leg is questionable, but regardless, these results suggest that a passive pendulum-type model of the swing phase of walking does not effectively resemble actual behavior of the prosthetic leg as prosthesis inertia is altered. Figure 5 -Effects of 100% mass conditions on thigh and knee angles (mean + 1 SD) of the residual leg (left panels) and intact leg (right panels). Knee and thigh angles were reasonably similar across the different prosthesis inertia configurations. One notable difference in magnitude can be seen in the intact thigh angle near the end of the stance phase (∼60% of the gait cycle). At this point in the gait cycle the hip appears to be more extended when loads were added to the residual leg.
Amputees expend more energy per unit distance traveled than do their nonamputee counterparts walking at similar speeds. [8] [9] [10] [11] Our results indicate increasing residual leg mass, regardless of mass location, increases metabolic costs. Previous researchers 1, 13 found adding mass distally to the limb increases the metabolic cost of walking by as much as 9%, which is slightly less than the 12% increase we observed for distal loading. Our higher observed cost was likely due to the higher mass that was used in our study. Only 1.7 kg was used by Mattes et al (2000) to achieve a mass match between legs, whereas Lehmann et al (1998) only studied prosthesis masses that were 42-70% of the intact mass. For our 100% mass condition we had to add 2.4 kg (Table 3) to match the mass between legs which likely accounts for the higher cost. In addition, when loads have been positioned near the CM of the prosthesis metabolic cost was unaltered. 10, 13 These results are inconsistent with our results in that we observed significant increases in metabolic cost when the 100% mass was added near the combined CM of the prosthesis and residual (∼7%) and the thigh CM (∼5%). In both of the earlier studies 10,13 much less mass (<1kg in earlier studies compared with 2.4 kg in ours) was evenly distributed along the prosthesis without altering the CM position, whereas we used a concentrated mass positioned at the predicted prosthesis CM position. These differences likely contributed to the different findings between studies. In general, adding mass to the prosthesis and shifting the limb CM distally leads to increased metabolic costs of walking, whereas adding mass so that the limb CM does not change has less effect on metabolic cost.
Compared with an unloaded condition, Selles et al (2004) reported 25% higher muscular costs for the residual leg swing phase when inertial symmetry between legs was simulated. Although Selles's measure of muscular cost is not directly comparable to metabolic cost, both measures indicated higher demand on the amputee as prosthesis mass was increased distally. also reported that proximally positioned loads reduced muscular costs of swinging the residual leg by as much as 10%. Our results are inconsistent with this finding; compared with the unloaded condition, net metabolic cost was not lower for any loaded condition. Methodological differences likely contributed to this inconsistent finding. during the swing phase. Maximum knee angular velocities during swing exhibited greater asymmetry when loads were placed more proximally on the residual leg; the asymmetry between knee angular velocities became more pronounced due to increased knee angular velocity of the intact leg and decreased knee angular velocity of the residual leg. The existing asymmetry between the maximum thigh angular velocities during swing was exacerbated as loads were positioned more distally; the asymmetry at the thigh became more pronounced due to reduced knee angular velocity of the residual leg. a, b, c, and d indicate significance at P < .05. a-NL vs 100% mass for individual load position. b-50% vs 100% mass for individual load position. c-100% pros vs 100% thigh. d-100% thigh vs 100% ankle.
Specifically, focused on the swing phase and used an inverse dynamics assessment to infer muscular cost. In our study, the entire gait cycle was analyzed and a more direct measure of cost was investigated by measuring steady-state oxygen consumption. Nevertheless, Selles and colleagues' observation that more distally positioned loads increased muscular cost to a greater extent than more proximally positioned loads is consistent with our observation for changes in metabolic cost. Our results and those of others 10, 13, 15 clearly indicate that distally positioned prosthesis masses result in higher metabolic costs of walking, whereas proximally positioned prosthesis masses had less effect on metabolic costs of walking.
Our small sample size (n = 6) is clearly a limitation; thus, caution should be exercised when generalizing our results. In addition, self selected walking velocity of the amputees during an unloaded baseline condition was used for all load conditions. It is possible that preferred walking velocity might have been different among the load conditions. 33 As has been noted in the literature 34 walking speed influences many of the variables that were investigated in the current study. Thus, not controlling walking speed may influence the results of this study.
In conclusion, contrary to our hypothesis, proximally positioned masses (ie, at the thigh CM of the residual leg) did not improve temporal or kinematic symmetry or lower metabolic costs of walking relative to an unloaded baseline condition. Consistent with our hypothesis, however, asymmetries were exacerbated to the greatest extent when loads were positioned distally on the residual leg, which coincided with the highest observed metabolic cost of walking. Increasing mass of the residual leg by adding mass distally is not an effective means of improving walking symmetry or lowering metabolic cost. Unless other benefits are gained by increasing the mass of the prosthesis distally, this should not be considered as a possible alternative to the current lightweight prosthesis design currently being prescribed to unilateral amputees. 
